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STRUCTURE  AND  ION  TRANSPORT  IN  POLYMER-SALT  COMPLEXES 

D.P,  Shriver4,  B.L.  Ifapke*,  H.A.  Ratner*,  R.  Dupon*,  T.  Wongb,  and  M.  Brodwin*> 

•fcpartqient  of.  Chemistry,  '’Department  of  Electrical  Engineering,  and 
'  ■■'■Materials  Research  Center 

Nor'diwestern  University,  Evanston,  IL  60201  U.S.A. 

Polymer  fjljectrolytes  based  on  alkali  metal  complexes  of  polycthcrs  and  cross-linked 
polyothers  have  significant  cation  mobility,  which  appears  to  arise  from  large- 
aoplitui.t;  motions  of  the  polymer.  High  chain  flexibility  not  only  promotes  ion 
-transpose  but  it  also  is  important  for  the  initial  formation  of  polymer-salt 
complexes.  Several  new  polymer  electrolyte  systems  are  discussed  which  contain 
flexible  polymer  backbones  and  high  concentrations  of  polar  groups. 


INTRODUCTION 

Tflfe  synthesis  and  characterization  (1-4)  of 
■•lvent-frce  alkali  metal  salt  complexes  of 
pply (ethylene  oxide),  PEO  (I),  prompted  de¬ 
tailed  electrical  measurements  with  the  thought 
that  these  materials  might  prove  to  be  useful 
electrolytes  for  high  ene  igy  density  batteries 
(5,6).  One  potential  advjntage  of  polymer  elec¬ 
trolytes  is  that  they  shoild  conform  to  solid 
electrodes  throughout  charging  and  discharging 
cycles,  and  therefore  facilitate  the  develop¬ 
ment  of  new  high  energy  density  solid  state 
batteries.  There  are  many  fundamental  aspects 
of  polymer  electrolytes  which  ace  ripe  for 
investigation:  the  chemical  variables  which 

influence  electrolyte  formation,  the  relation¬ 
ships  between  structure  of  the  polymer  electro¬ 
lytes  and  ion  transport,  and  the  detailed  mecha¬ 
nisms  for  ion  transport.  This  paper  surveys 
accompli shmen's  in  the  field  of  polymer  electro¬ 
lytes,  with  an  emphasis  on  polymer-salt  complex 
'Crmation  and  ion  transport  mechanisms  as 
evealed  by  the  comparison  of  various  response 
poperties  of  the  polymer  electrolytes.  This 
account  will  not  cover  any  of  the  solvent  swol- 
1  n  polymer  electrolytes,  such  as  traditional 
ic.m exchangers  or  solvent  containing  polymer 
meihranes  ( 7 , -TO  . 

-O-CHj-CRj- 

(1) 

10ly(ethylene  oxide) 

POLYtCR-SALT  C1MPLEX  FORMATION 

Simple  ethers  uid  short-chain  polyethers  ere 
tsell  kbown  as  solvents  for  alkali  metal  salts, 
end  cyclic  ethers  (crown  ethers)  are  effective 
umplexing  agents  for  atk.lhi  metal  cations. 

IY»r  the  .more,  complex  format  ion  between  high 
analeculkr  weigh:!  pn  I  yet  hens  And  alkali  metal 
s<dta  ia  known  lt«  occur  in  methanol  solution 
(11).  In  alt  of  these  case-s  the  dominant  inter¬ 
action  ia  the  coarJination  >1  ether  oxygen 


■toms  to  alkali  metal  cations.  The  formation 
of  solid  polycther  salt  complexes  fits  well 
into  this  general  pattern. 

If  we  make  the  approximation  that  entropic  fac¬ 
tors,  polymer  reorganization  energies,  and 
residual  cation-anion  coulombic  energies  are 
constant  for  the  formation  of  the  various  poly¬ 
mer  salt  complexes,  for  any  given  polyether  and 
any  given  cation  tho  formation  of  complexes 
should  closely  correlate  with  lattice  energies 
of  the  alkali  metal  salts.  As  shown  in  Table 
1,  this  type  of  correlation  does  have  general 
validity,  since  complex  formation  is  restricted 
to  the  salts  of  a  particular  cation  which  are 
below  a  threshold  lattice  energy.  In  keeping 
with  this  generalization,  the  lowest  lattice 
energies  and  the  highest  propensities  Coward 
complex  formation  are  found  for  alkali  metal 
salts  having  large  anions,  such  as  I”,  CIO4-, 
and  SO3CK3-. 

The  stoichiometry  of  polymer-salt  complex  for¬ 
mation  cannot  be  defined  with  the  precision 
characteristic  of  the  phase  relationships  for 
■oat  simple  inorganic  systems.  Nevertheless, 

•O  approximate  limiting  stoichiometry  around  4 
moles  of  polyether  oxygen  per  mole  of  alkali 
Netal  salt  is  observed  for  many  of  the  polymcr- 
•alt  interactions  (1,5,8).  Recent  research  in 
Nr  laboratory  provides  a  number  of  examples  in 
abich  higher  salt  concentrations  are  possible, 
Bach  as  PEOO.SNaBHi.  This  higher  salt  concen¬ 
tration  may  arise  from  the  partial  filling  of 
the  coordination  sphere  of  the  Na*  by  tight  ion 
pairing  with  the  RII4-  anion.  Evidence  for  such 
ion  pairing  is  available  from  both  conductivity 
and  apectroscopic  measurement s  (9).  By  con¬ 
trast,  the  NaiR(CgM})/,)  complexes  with  PKO 
which  wc  have  prepared  to  date  have  on  the 
order  of  7:1  ratio  of  ether  oxygens  to  alkali 
metal  ion.  Presumably,  in  this  case  the  bulk 
of  the  counter  ion,  8(0511^)4",  prohibits  the 
formation  of  complexes  with  higher  concentra¬ 
tions  of  salt. 
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Table  1.  Comparison  of  PKO-Salt  Complex 

Format i. m  with  Lattice  Energies  of  the 

Pure  Salta. *»b 


Li* 

No* 

K* 

Rb* 

Cs* 

No 

’Jo 

No 

No 

No 

r 

1036 

923 

t  * 

821 

785 

740 

Yea 

No 

No 

No 

No 

Cl* 

853 

786 

715 

689 

659 

No 

.. 

_ 

CHjCOO- 

881 

763 

682 

656 

(682) 

- 

No 

- 

- 

No 

HO3- 

848 

756 

687 

658 

625 

_ 

No 

_ 

- 

_ 

no2~ 

— 

748 

664 

765 

(598) 

Yea 

Yes 

No 

No 

No 

Br* 

807 

747 

682 

660 

631 

_ 

No 

_ 

_ 

- 

«3~ 

818 

731 

658 

632 

604 

Yes 

- 

_ 

_ 

BH4- 

(778) 

(703) 

(665) 

(648) 

(628) 

Yea 

Yes 

t 

No 

No 

I* 

757 

704 

644 

630 

604 

Yea 

Yes 

Yes 

Yes 

Yes 

SCH- 

807 

682 

616 

619 

568 

Yes 

Yea 

- 

- 

_ 

Cl«\~ 

723 

648 

602 

582 

542 

Yea 

Yea 

Yes 

Yes 

Yes 

CP3PO3- 

«725) 

(<650) 

(<605) 

«585) 

«550) 

Yea 

Yea 

_ 

- 

— 

»4’ 

(699) 

619 

631 

605 

(556) 

Yea 

Yea 

Yes 

Yes 

Yes 

8Ph4~ 

(<700) 

(<630) 

( <630) 

(<600) 

(<550) 

•Ho  "  no  solvent  free  complex  formed;  Yes  " 
sol-rent  free  complex  formed;  Values  in  paren¬ 
theses  are  either  theoretical  or  estimated 
lattice  energies. 

^Coxplex  formation  data  is  from  reference  (8) 
or  tbc  present  work.  Lattice  energies  arc  in 
kJ/mslc  from  Jenkins,  H.D.U.  and  Waddington, 
T.C.,  as  quoted  in  The  CRC  Handbook  of 
Chemistry  and  Physics,  volume  6J_,  Chemical 
Rubber  Publishing  Co.,  Cleveland  Ohio,  1980-81. 


One  attractive  attthod  for  the  preparation  of 
complexes  having  Os  maximum  salt  concentration 
(a  the  exposure  of  a  polymer  film  to  a  saturated 
solution  of  the  salt  in  a  solvent  in  which  the 
pure  polymer  and  the  complex  are  insoluble. 


This  sicthod  will  in  principle  lead  to  the  ther¬ 
modynamically  stable  polymer  complex  of  maximum 
salt  content,  providing  that  the  polymer  is  not 
swollen  by  the  solvent  and  that  the  relaxation 
of  the  polymer  chains  is  complete.  Other 
methods  for  complex  formation  include  the 
removal  of  solvent  from  a  solution  containing 
the  polymer  salt  complex  (1,5),  and  dissolving 
fine  particles  of  the  salt  in  the  solid  or  the 
molten  polymer. 

As  research  on  polymer  electrolytes  progresses 
toward  more  precise  determinations  of  electri¬ 
cal  properties,  greater  attention  will  have  to 
be  paid  to  the  influence  of  impurities.  Com¬ 
mercial  polymers  often  contain  significant  con¬ 
centrations  of  impurities,  such  as  catalyst 
residues  and  water.  For  example,  polyfethylene 
oxide)  contains  several  per  cent  of  inorganic 
impurities,  the  majority  of  which  can  be 
removed  by  passage  of  an  aqueous  solution  of 
the  polymer  through  a  mixed  bed  ion  exchanga 
column  (10).  In  addition,  Che  PEO  salt  com¬ 
plexes  are  hygroscopic,  with  the  lithium  salt 
complexes  being  particularly  so.  Water  has 
been  shown  to  have  a  large  influence  on  the 
electrical  properties  of  some  lithium  complexes 
(11),  therefore  systematic  control  and  moni¬ 
toring  of  water  content  is  important.  Infrared 
spectroscopic  detection  of  the  broad  and 
intense  water  features  around  the  3,300  and 
1,600  cm-)  regions  provides  a  sensitive  probe 
for  the  presence  of  adventitious  water. 

NEW  POLYMER-SALT  COMPLEXES 

Poly( propylene  oxide)  and  poly(epichlorohydrin) 
have  received  attention  as  host  polymers  for 
alkali  metal  salts.  As  with  poly(ethylene 
oxide),  all  of  these  systems  are  based  on  a 
backbone  of  ether  oxygens  separated  by  two- 
earbon  moieties  (structures  I,  II,  and  III). 

CH2CI  CH3 

-O-CIIj-CH-  -O-CII2-CII- 

<n>  (no 

Poly(epichlorohydrin)  Poly(propylene  oxide) 

Samples  of  (III),  which  have  been  investigated 
in  Armand's  laboratory,  and  (II),  which  have 
been  investigated  in  ours,  were  commercial 
atactic  materials  which  produce  amovphous  com¬ 
plexes.  Experiments  with  steroorogular  ana¬ 
logues  of  these  materials  should  provide  useful 
clues  to  the  steric  factors  which  govern  poly¬ 
mer-salt  electrolyte  formation.  With  the 
possibte  exception  of  poly(opichlorohydrin)  the 
polyethers  are  attractive  because  they  should 
exhibit  a  high  degree  of  chemical  inertness. 

The  experimental  situation  with  respect  to  tha 
stability  of  the  polyether  electrolytes  is 
unsettled.  Armand  observed  a  4V  stability 
range  for  PEO-Ha|  SOjCFj]  02)  and  he  reported 
that  the  PKO-Lit  electrolyte  is  stable  to  Li  as 
judged  by  cyclic  voltammetry  (8),  whereas 
Archer  and  Armstrong  present  some  evidence  for 
the  formation  of  a  resistive  layer  at  the  LI- 
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xi  electrolyte  interface  (11).  The  exclusion  and 
monitoring  of  impieritie*  eucli  as  Nj  (which 
fora*  ■  nitride  >»ith  I.i)  an<l  IhO  vill  be  par¬ 
ticularly  impo-enant  in  the  d.-j ermi nat  ion  of  the 
^stability  of  Muse  electrolyte*. 

A  sat  of  general  polymer  attribute*  which 
thoald  be  conducive  to  polymer-sal t  complex 
formation  is  presented  here,  slightly  modified 
frcaa  the  origi  »nl  form  (10):  1.  The  polymer 
should  have  a  high  concent  rat  ion  of  polar 
graups,  which  will  effectively  solvate  the 
cation  and/or  anion.  2.  The  polymer  backbone 
steuld  bo  highly  flexible  to  permit  polymer 
roorganization  and  cation  solvation.  3.  In 
general  the  polymer  should  have  a  low  cohesive 
eaergy  density  to  produce  a  favorable  free 
energy  change  upon  polyner-salt  interaction, 
factors  2  and1  3  are  associated  with  properties 
auch  as  low  ijlass  transition  temperatures,  Tg, 
and  low  melting  points. 


Potentially  effective  polar  groups  for  polymer 
electrolytes  are  suggested  by  the  functional 
gpoups  found  in  polar  organic  solvents  such  as 
aalfones,  sulfoxides,  nitriles,  esters,  amides, 
.mines,  imires,  ketones,  and  sulfides.  Unfor¬ 
tunately  most  of  these  groups  are  more  electro- 
shcmically  nctive  than  ether  linkages.  Initial 
oeaulta  from  studies  in  our  laboratory  on  new 
Host  materials  containing  some  of  these  polar 
groups  have  produced  encouraging  indications 
that  many  new  polymer  electrolytes  may  be  pre¬ 
pared.  The  most  thoroughly  studied  new  polymer 
host  is  polyfethylcne  succinate),  IV,  which  has 
been  found  to  form  complexes  with  LilBF^), 

Li ICF3CO2) ,  Li[S03CF3l,  and  Na[S03CF3). 

10  0 

-OCH2CH2OCCH2CH2C- 


<IV) 

1oly(ethylene  auecinate) 


Complexes  twaving  2:1  polymer  repeat  unit*  per 
formula  unit  of  salt  have  been  prepared  and 
there  arc  gpod  indications  chat  higher  salt 
concentrations  can  be  achieved.  Conductivities 
on  the  order- of  1.3  x  10-7  ohm-*  cm-*  were 
obtained  for  the  Li[5Fsl  salt  at  4l*C.  A  quite 
lifferent  series  of  complexes  was  prepared  from 
|t>ly(ethylenc  sulfide),  V,  or  poly(propylcnc 
ailfidc),  VI,  with  silver  salts  such  as  Ag{N03J 
and  Ag(S03CF)j.  The  5:1  poly (ethylene  sulfide)- 
Ak(S03CF3]  complex  displayed  a  conductivity  of 
about  4.6  x  I0-7  ohm“*  cm-*  at  65'C.  i 

•  -SCHjCTif  -SCH2CH2CH2- 


(v>  <vn 

|My(ethylen<?  sulfide)  Polyipropylene  sulfide) 


Ksw  interest in.g  new  approach  to  polymeric  con¬ 
ductors  is  th.’usc  of  cross- linked  networks  of 
loss  molecular  jei'ght  polyfetl'ylene  oxide)  into 
which  a  salt  i.-s  int  roJnced  ( I ■• ,  1 S )  .  The  intent 
with  these  materials  is  to  achieve  a  combination 
o3  gpod  siechaniccii  and  electrical  prd^ercies. 


STRUCTURE  OF  POLTETIIER  SALT  COMPLEXES 

The  structures  of  pure  poty(cthylenc  oxide)  and 
of  a  ligCl2-PE0  complex  are  known  from  X-ray 
atructurc  determinations  combined  with  vibro- 
tionnl  spectroscopy  (16,17).  The  pure  polymer 
Consists  of  an  extended  helix,  having  a  fiber 
repeat  distance  of  19.48  A,  and  the  mercuric 
chloride  complex  consists  of  a  zigzag  polymer 
backbone  with  oxygen  atoms  coordinated  to  mer¬ 
cury.  A  similarly  detailed  X-ray  analysis  of 
the  alksli  metal  salt  complexes  of  I’EO  has  not 
been  carried  out.  In  their  original  work  on 
the  PEO  complex  with  KSCN ,  Fenton,  Porker,  and 
Wright  determined  an  X-ray  fiber  repeat  dis¬ 
tance  of  8.1  A  (1).  More  recent  decailed  infra¬ 
red  and  Raman  spectroscopic  data  have  revealed 
several  structural  features  (10).  Mid-infrared 
data  indicate  that  the  OCH2-CH2O  noicties 
assume  a  -gauche  conformation-  Raman  data  in  a 
similar  frequency  range  provide  evidence  for  a 
cymmetrical  breathing  mode  characteristic  of 
On-Na  stretching  motion,  and  the  far-infrared 
displays  bands  which  are  characteristic  of 
translational  nodes  for  alkali  metal  ions  in  a 
solvent  cage.  Significantly,  these  latter 
features  scale  approximately  as  the  square  root 
of  the  mass  of  the  alkali  metal  ion  and  are 
independent  of  the  nature  of  most  anions.  A 
structural  model  which  is  consistent  with  these 
vibrational  data  and  the  X-ray  fiber  repeat 
distance  is  a  sequence  of  trans(CC-OC) , 
trans(CO-CC) ,  gauche(OC-CO) ,  t rans ( CC-OC) , 
trans(CO-CC) ,  and  gauche-minus(OC-CO)  confor¬ 
mations.  This  results  in  a  helical  configura¬ 
tion  having  an  interior  channel  lined  with 
ether  oxygen  atoms,  and  large  enough  to  accom¬ 
modate  a  K+  ion  (10).  A  view  down  this  helical 
tunnel  is  given  in  Figure  1.  The  anions  appear 


Figure  1.  Viev  down  the  axis  of  the  proposed 
helical  configuration  for  the  PEO  backbone  in 
ite  complexes  with  sodium  salts. 


jo  )ie  outside  (lie  helix,  with  no  direct 
c«t  jon-ani.ui  contact  in  most  ruses.  The  lack 
off  crystallinity  for  (ho  rubidium  .in, I  cesium 
*/«"»  complexes  in  consistent  witli  thin  model 
bucause  the  helical  channel  is  too  small  to 
tsicommo J ,i t e  these  cations. 

h  double  helix  of  intertwined  PEO  chains  ha* 
been  proposed  to  accommodate  recent  estimates 
<jf  the  unit  cell  dimensions  for  PKO-NaSCN 
obtained  from  X-ray  diffraction  on  oriented 
polycrystallinc  material  (18).  This  particular 
model,  however,  places  some  of  the  OCIIJ-CH2O 
groups  in  a  nearly  eclipsed  configuration  which 
would  suffer  from  unfavorable  repulsion  of  non- 
bonded  atoms.  The  structures  of  polymers  are 
always  difficult  to  determine  and  these  complex 
systems  arc  part icularly  so. 

CONDlfCTIVITf  AND  ION  TRANSPORT  MECHANISMS 

Transference  number  measurements  at  23.5*C  for 
PEO-NaSCN  demonstrate  choc  t(Na+)  is  very  close 
to  1.0  (19),  and  unpublished  N>!R  results  indi¬ 
cate  that  t(ti*)  >  0.95  for  a  polvceher  lithium 
electrolyte  (8).  In  addition,  a  variety  of 
evidence  indicates  chat  anions  have  finite  but 
very  small. mobilities  in  these  materials.  For 
example,  complexes  can  be  formed  from  solid 
salt  plus  solid  polymer  and  conversely  a  second, 
salt  phase  can  be  observed  to  form  below  the 
suiting  range  of  some  salt-rich  complexes. 

The  simplest  temperature  dependent  conductivi¬ 
ties  are  exhibited  by  highly  crystalline  com¬ 
plexes  such  as  those  between  sodium  salts  and 
PEO.  The  early  reports  on  these  materials  gave 
two  linear  segments  in  the  log  a  vs  1/T  plot* 
(2,20).  Recently  independent  research  in  two 
laboratories  has  demonstrated  that  Che  two- 
alopc  behavior  disappears  when  Che  conductivity 
experiments  are  performed  on  fully  coroplexed 
materials  (9,18).  The  break  observed  in  tha 
original  reports  on  the  low  salt  materials  is 
close  to  the  melting  temperature  range  of  PEO, 
and  the  interpretation  which  we  prefer  is  that 
this  break  is  associated  with  the  reciting  of 
residual  purs  or  lightly  doped  PEO. 

The  non-crystalline  polymer  electrolytes  such 
as  those  of  poly(propylene  oxide)  alkali  metal 
salts  or  PEO  with  rubidium  or  cesium  salts, 
display  curved  log  o  vs  1/T  behavior  (21).  The 
empirical  Vopcl-Tnmmnn-Fulchor  equation,  l, 
which  describes  transport  properties  in  viscous 
media,  appears  to  fit  the  temperature  depen¬ 
dence  of  Che  ionic  conductivity  very  well  (21), 

•  -  «p(”)  <»> 

III  thia  equation  A,  R,  and  T„  arc  empirical 
aonatants,  with  T0  correspond ing  fairly  closely 
to  the  glass  trrmsition  temperature,  Tg,  of  tha 
polymer  complex.  This  functional  dependence  may 
be-  described  by  a  model  in  which  wition  of  the 
pslyiscr  chain  ia  crucial  for  the  ion  transport 


process.  From  energetic  consideration*  it 
appears  most  likely  that  the  ration  move*  with¬ 
out  breaking  minv  eat  ion-oxygen  interaction* 

(22).  Thu*  large  amplitude  polymer  segment 
motions  coupled  with  the  breaking  and  miking  of 
one  or.  possibly  two  cat  ion-oxygen*  interact  ions 
per  ration  provides  a  means  of  cation  transport 
which  is  quite  unlike  the  hopping,  mechanism  com¬ 
monly  observed  for  simple  inorganic  electro¬ 
lytes.  The  importance  of  the  p.lass  transition 
temperature,  and  therefore  the  polymer  segmental 
motion,  has  been  demonstrated  experimentally  for 
the  polyurethane-type  polyether  network  com¬ 
plexes  (23),  for  which  the  glass  transition  tem¬ 
perature  can  be  varied  widely.  There  is  a  clear 
indication  that  a  fruitful  approach  to  increased 
ion  nobility  in  polymer  electrolytes  is  to  seek 
systems  in  which  Tg  is  as  low  as  possible. 

Even  though  linear  log  0  vs  1/T  plots  are  ob¬ 
tained  for  crystalline  polymer  complexes,  such 
as  PEO  with  lithium,  sodiun,  and  potassium  salts, 
it  appears  likely  that  polymer  motions  are 
strongly  coupled  to  the  ion  transport  process  in 
these  materials  as  well.  Microwave  measurements 
indicate  that  the  highly  crystalline  complexes 
exhibit  strong  conductive  response  in  the  CHr 
region  which  is  comparable  to  that  of  pure  PFO 
(24)  and  this  response  is  attributed  to  high 
frequency  segmental  motion  of  the  polymer  back¬ 
bone.  Below  1  Mli  the  ion  containing  polymer 
has  much  higher  conductivity  than  the  pure 
polymer,  Figure  2,  This  observation  affords 
evidence  that  in  the  crystalline  PEO  salt  com¬ 
plexes  the  low  frequency  ion  motion  is  assisted 
by  higher  frequency  polymer  motion. 
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Figure  2.  Variable  frequency  conductivity  of 
pure  PEO - and  4.5PK0-HaSCN  - . 


One  ouat«ndinf?  problem  is  the  effect  of  polymer 
orientation  on  comin:tivity.  Aa  yet  there  have 
keen  no  reports  of  » /at  ero.it  *c  conductivity 
moflAoremont a  on  oriented  p>lymec  elect  roly ten. 
Our  under *  tending  of  the  *on  trnnuporl  meclwv- 
niaroa  also  would  be  improved  1  •/  information,  on 
the  volume  of  Activation  for  ion  transport, 
which  will  require  the  measurement  ol  conrtac- 
tivities  under  liyilrurt ntic  prci  '  r':8.  Sene 
prcaaure  dependent  j-olyrocr  electrolyte  etnduc"* 
tivity  data  have  be ' a  report  ad  under  nonlydro- 
static  conditions  *45) « 

CONCLUSIONS 

The  field  o»f  polymer  elect volytes  has  developed 
rapidly*  Q<uai»  itnt  ivc  microscopic  theories  for 
ion  transport  .-.vclianisms  in  these  materials  are 
not  yet  ava.ilible,  but  sonc  qualitative  concepts 
with  predictive  value  havj  emerged.  Of  the  cur¬ 
rently  kno  t!  systems,  perhaps  the  most  promising 
for  rods  temperature  battery  electrolytes  are 
the  h^t.Jr  cross-Jinked  polyctliers,  for  which 
the  reepirtd  low  Tg  can  lie  fairly  readily 
•ttaii.r d , ,  It  was  recently  estimated  that  a 
polyethe a  with  Tg  "  -30*3  should  display  a  con¬ 
ductivity  in  the  10"^  to  !0~^  range  at  room  tem¬ 
perature  (23) .  This  is  sufficiently  high  to 
Offer  considerable  incentive  for  further 
receairdi  on  these  materials. 
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